Spreading depolarizations (SDs) are recognized as actors in neurological disorders as diverse as migraine and traumatic brain injury (TBI). Migraine aura involves sensory percepts, suggesting that sensory cortices might be intrinsically susceptible to SDs. We used optical imaging, MRI, and field potential and potassium electrode recordings in mice and electrocorticographic recordings in humans to determine the susceptibility of different brain regions to SDs. Optical imaging experiments in mice under isoflurane anesthesia showed that both cortical spreading depression and terminal anoxic depolarization arose preferentially in the whisker barrel region of parietal sensory cortex. MRI recordings under isoflurane, ketamine/xylazine, ketamine/isoflurane, and urethane anesthesia demonstrated that the depolarizations did not propagate from a subcortical source. Potassium concentrations showed larger increases in sensory cortex, suggesting a mechanism of susceptibility. Sensory stimulation biased the timing but not the location of depolarization onset. In humans with TBI, there was a trend toward increased incidence of SDs in parietal/temporal sensory cortex compared with other regions. In conclusion, SDs are inducible preferentially in primary sensory cortex in mice and most likely in humans. This tropism can explain the predominant sensory phenomenology of migraine aura. It also demonstrates that sensory cortices are vulnerable in brain injury.
Introduction
Spreading depolarizations (SDs) are slowly propagating waves of near-complete neuro-glial depolarization that are increasingly recognized as important agents of neurological disease (Pietrobon and Moskowitz, 2014; Dreier and Reiffurth, 2015) . They include cortical spreading depression (CSD), which is thought to be responsible for the migraine aura. SDs also occur in stroke, subarachnoid hemorrhage, and traumatic brain injury (TBI) along a continuum of pathology with the related phenomena of anoxic depolarization (AD) (Charles and Brennan, 2009; Pietrobon and Moskowitz, 2014) . Suppression of SDs is a likely mechanism of migraine-preventive drugs and is advanced as a way to prevent the damage that these depolarizations exert in brain in-jury patients (Ayata et al., 2006; Hertle et al., 2012) . However, many basic characteristics of SDs, including their relative susceptibility in different regions of the brain, remain unclear. Defining the susceptibility of different brain regions to SDs could help in our understanding of the clinical phenomenology of the migraine aura and could identify regions at risk of compromise during brain injury.
The fact that migraine aura occurs in awake patients has allowed the opportunity to study the psychophysical characteristics of SDs (Lashley, 1941; Schott, 2007) . The majority of aura symptoms are sensory, with visual symptoms the most common, followed by somatosensory symptoms (e.g., numbness, tingling; Russell and Olesen, 1996; Kelman, 2004) . The reasons for this phenomenology are unknown, but they suggest that primary sensory cortices are more susceptible to SDs.
The discovery of SDs in brain injury patients (Mayevsky et al., 1996; Strong et al., 2002) has elevated these waves from a curiosity to a medical urgency. The fact that SDs are associated with worsened outcome in brain injury (Hartings et al., 2011a ) makes their suppression a high priority. An understanding of where and why they occur can help us to stratify risk and potentially enable treatment decisions.
The intrinsic susceptibility to SDs is thus compelling for the understanding and treatment of a broad spectrum of neurologic disorders. We used a combination of in vivo physiological approaches in rodent and human to examine the susceptibility of different brain regions to SDs. We found that SDs showed a consistent tropism for sensory cortex, supporting the idea that sensory cortices are the likely origin of CSD in migraine and suggesting that, in other disorders involving SDs, sensory cortices are a vulnerable territory.
Materials and Methods

Methodological considerations
The ultimate triggers of SDs in vivo are obscure. For stroke and subarachnoid hemorrhage, it is hypothesized that ischemia-mediated breakdown of ionic homeostasis is responsible for SD ignition. For TBI, cellular lysis, as well as ischemic mechanisms, is proposed (Dreier, 2011; Dreier and Reiffurth, 2015) . For migraine, the potential mechanisms are much more elusive because most stimuli that cause SDs in model systems are injurious and there is no overt injury associated with the migraine attack (Charles and Brennan, 2009; Pietrobon and . Whatever the ultimate mechanism, modeling of SD initiation should be maximally realistic for each clinical scenario. In addition, if relative susceptibility is to be determined, then the induction technique must not bias the outcome. We chose KClinduced CSD and anoxia-induced AD because they met both of these criteria. K ϩ thresholds allowed for the generation of CSD with the minimum necessary stimulus and, in so doing, allowed the isolation of the most susceptible region. On the other end of the injury continuum, global anoxia both delivers a uniform stimulus to the whole brain and simulates the energetic failure encountered in stroke, subarachnoid hemorrhage, and brain trauma. Although it was appealing to model these conditions more directly, for example, with occlusion-or photothrombosis-induced stroke (Ló pezValdés et al., 2014) , cisternal blood (Cetas et al., 2009) , or induced trauma (Xiong et al., 2013) , none of these models allowed assessment of relative susceptibility.
Animals, anesthesia, and maintenance
Adult male C57BL/6J mice (10 -15 weeks old) were used in craniotomy (n ϭ 30) and intact skull preparations (n ϭ 26). All experiments were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of Utah.
For most experiments (40/48), anesthesia was induced with 2% isoflurane in a 1:1 nitrogen:oxygen mixture. Surgery was performed at 1.2-1.5% isoflurane (suppression of corneal and hindpaw withdrawal reflexes). Anesthesia was reduced to 0.6 -0.9% (positive corneal and hindpaw reflexes) for experimental recordings and was adjusted continuously so that the respiratory rate was within 100 -120 breaths/min. Reflex responses, respiratory rate, heart rate, and pulse oxygenation were monitored continuously and maintained in a normal range (heart rate 400 -700, pulse oxygenation 95-100%). In experiments designed to control for anesthesia-induced effects, ketamine/xylazine (100/10 mg/kg; n ϭ 3), ketamine/isoflurane (100 mg/kg/0.75%; n ϭ 1), and urethane (0.75 mg/kg; n ϭ 4) anesthesia were used in the intact skull preparation. Body temperature was maintained at 37°C during each experiment using a circulating water bath and heating blanket. To induce AD, isoflurane was increased to 5% and oxygen was replaced with nitrogen.
Craniotomy preparation
The animal was fixed in a stereotaxic frame with an anesthetic nose cone (Models 962, 923B; David Kopf Instruments). Craniotomy was performed with a diamond-burr-tipped dental drill. Craniotomies were first defined by the sutures of the parietal bone, exposing frontal, motor, somatosensory, visual, and retrosplenial cortex (n ϭ 22) and then shifted 2 mm laterally, exposing the barrel cortex, S2, auditory cortex, and primary and lateral secondary visual cortex (n ϭ 5; Fig. 1A) . A dental cement well with an inlet at bregma and an outlet at the caudal end was built for superfusion. The cranial window was covered with a glass coverslip and sealed with the dental cement.
CSD thresholding
A cortex buffer consisting of warmed physiologic saline was used for superfusion during baseline; [K ϩ ] was increased by substituting the respective molarity of NaCl with KCl. Saline was used rather than artificial CSF (ACSF) to isolate the effects of [K ϩ ] on CSD induction (both Ca   2ϩ and Mg 2ϩ can affect CSD threshold; Mody et al., 1987) . However, in pilot experiments, the effects of cortex buffer and ACSF containing the following (in mM): 125 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , and 11 glucose were compared and no difference in SD location, threshold, or propagation was seen (n ϭ 5; data not shown). The cortical bath was kept at room temperature for surgery to reduce swelling and then heated to 30 -34°C during experimental recordings. The preparation was allowed to recover for 60 min after completion of surgery.
Preselected steps of [K ϩ ] elevation were 8, 10, 12, 14, 16, 18, 20, 25, 30, 40, 50, 60 , and 120 mM; however, the threshold never exceeded 50 mM. Of the 27 thresholding experiments, 15 had onset of SDs at 12 mM, 6 were at 15 mM, 1 was at 16 mM, 2 were at 18 mM, 2 were at 40 mM, and 1 was at 50 mM (see also Fig. 1 F) . The duration of exposure of the cortex to K ϩ at each concentration was 12 min. Superfusion was driven by gravity, flow rate was 1-2 ml/min, tubing volume was 1 ml, and bath volume was ϳ16 mm 3 . With these parameters, it took 10 -20 s to replace one bath volume. Superfusion parameters and mixing times were verified with dye (crystal violet, 0.1%, n ϭ 2) and K ϩ electrode recordings (n ϭ 3). For both dye and K ϩ recordings, 95% equilibration time never exceeded 1 min. In contrast, 24/27 CSD inductions occurred at or after 1 min of elevated K ϩ perfusion (Fig. 1 F) . Moreover, for visualized dye recordings, no bias toward perfusion of barrel cortex was observed compared with other regions. Therefore, we concluded that the necessary mixing involved in our thresholding paradigm did not bias the location or timing of CSD onset.
The likely depth of penetration of K ϩ solution into cortex was also characterized. Two-photon microscopy (Sutter Movable Objective Microscope with two Hamamatsu R6357 photomultiplier tubes; Zeiss 20ϫ/ 1.0 numerical aperture water-immersion objective; Spectra Physics MaiTai Titanium:Sapphire laser, pulse width Ϸ100 fs, excitation 900 nm, emission 535/50 nm green, 617/75 nm red; field of view 300*300 m; image acquisition 2-4 Hz.) was used to image volumes of cortex from the cortical surface to ϳ240 m depth during superfusion (z-stacks of 15 planes at 16 m increments, from 0 to 240 m, collected every 7.9 s). In pilot experiments (J. Mendez, University of Utah, unpublished data), it was found that commercially available K ϩ fluorophores could not be used for this purpose, so this study used an indirect approach.
The craniotomy was incubated with sulforhodamine 101 (SR101; 200 M) for 3-5 min and then washed. This labeled astrocytes uniformly throughout the cortical thickness (Nimmerjahn et al., 2004) , which al-lowed correction for fluorescence decay by depth (Helmchen and Denk, 2005) . Fluorescein sodium salt (750 M) was then superfused with identical perfusion flow rate and timing to the thresholding experiments. Fluorescence intensity in each image plane in the z-stack was corrected for depth (Tang et al., 2014) , averaged over each plane, and stacks were then concatenated, producing an image of fluorescence intensity over depth and time (Fig. 1E, top) . Because the molecular weight of fluorescein is significantly different from that of K ϩ , fluorescein measurements could not be used directly to estimate subcortical K ϩ transport. Instead, the experimentally derived fluorescein diffusion parameters, combined with fluorescein's known diffusivity in water (Periasamy and Verkman, 1998), were used to estimate an effective tortuosity by fitting optically measured temporal concentration profiles with theoretical predictions. This effective tortuosity, and known values of K ϩ diffusivity and tortuosity (Tang et al., 2014), were then used to model K ϩ transport. To predict temporal diffusion profiles, the transient 1D mass diffusion equation was solved (Bergman et al., 2011) . The initial condition was set as C (x, t ϭ 0) ϭ C 0 . The value of C 0 was assumed to be 3.5 mM for K ϩ . The boundary condition at the cortical surface was set as C (x ϭ 0, t) ϭ C s , where C s is the concentration at the cortical surface: 12 mM for K ϩ . We found that, relative to mixing, simulated intracortical K ϩ diffusion was slow, approaching equilibration only toward the end of the 11 min time frame allotted for each K ϩ step (Fig. 1) . In contrast to mixing timing (see above), timing of CSD onset coincided more closely with the kinetics of simulated subcortical K ϩ accumulation. Moreover, simulated K ϩ accumulation was relatively superficial. To the 12 mM surface concentration that most frequently induced CSD, the 90% concentration line ( data showing preferential propagation of CSD in superficial cortical layers (Basarsky et al., 1998) .
Optical imaging
Reflectance optical intrinsic signal imaging allowed recording of sensory maps and the hemodynamic correlates of CSD. A 12-bit CCD camera (MiCAM02; SciMedia) captured cortical reflectance from white light emitting diodes (Luxeon 5500K; Phillips) at 1 Hz for 660 frames (11 min; Fig. 1) .
ImageJ (Rasband, 1997) was used for initial image processing, including contrast enhancement and delineation of CSD and AD origin. CSD and AD origins were identified as a region of local alteration in light reflectance (both Ͼ2% change from baseline), which propagated outward concentrically (Fig. 1) . Centroid of CSD or AD origin was determined and distance relative to bregma was computed. A 3D-rendered surface of murine brain with outlines of the cortical areas was created using SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/ software/spm8/) implemented in MATLAB (The MathWorks). The 3D 1T MRI scan of the mouse head in vivo was taken from the Mouse Brain Database (http://brainatlas.mbi.ufl.edu/) and manually normalized to a 3D version of the Allen Mouse Brain Reference Atlas, 2011 Segmentation (www.3dbar.org). Locations of origin of CSD and AD were plotted onto the 3D rendering with MriCron (Rorden et al., 2007) . If not otherwise specified, coordinates are given in the imaging plane 20°from the vertical axis.
Electrophysiology
In selected experiments (n ϭ 8), in addition to optical signal, field potential and potassium-sensitive electrodes were used. Borosilicate glass capillaries (WPI, outer diameter/inner diameter ϭ 1.5/0.84 mm 100 mm length) were pulled with a vertical puller (Sutter Instruments P-30) to give a tip taper Ͼ1 cm long with a diameter of 20 -40 m at 400 -500 m from the tip. A microforge was used to achieve a tip size of ϳ5 m. K ϩ -sensitive electrodes were front-filled for 1-2 cm with silanizing solution (Sigmacote R; SigmaAldrich), baked for 30 min at 200°C, and then front-filled with 120 mM KCl and 34 mM NaCl, followed by 600 -1000 m of potassium ionophore (Fluka Cocktail A; Sigma-Aldrich). The reference/local field potential electrode was bent ϳ30°with a gas torch to allow closer apposition and then front-filled with 120 mM KCl and 34 mM NaCl. Both micropipettes were then back-filled with 120 mM KCl and 34 mM NaCl. A binocular microscope was used to align and glue the electrodes so that the tips were within 20 -40 M of each other. Ag/AgCl wires were inserted into both electrodes and the assembly was connected to the head stages of two Axopatch 1D amplifiers (Molecular Devices). The K ϩ electrode was calibrated before and after each experiment and a response of 54 mV/decade was verified or the electrode was discarded.
A notch was drilled into the coverslip covering the well around the craniotomy and the electrodes were inserted at 30°to ϳ300 m depth. A ground electrode consisting of Ag/AgCl wire inserted into a plastic tube filled with saline was inserted into the occipital musculature.
Signal from both recording electrodes was amplified 100ϫ and digitized at 1 KHz (PCI-6221; National Instruments). Electrodes were calibrated before and after each experiment with 12 and 120 mM [K ϩ ] solutions. Experimental [K ϩ ] was computed using standard methods (Lothman et al., 1975) .
Sensory stimulation protocol
In selected experiments (n ϭ 12), visual and somatosensory stimulation were applied during baseline and CSD induction to determine whether sensory stimulation biased CSD threshold, location, or timing. For visual stimulation, an LED light source ( peak emission 466 nm; 0.3-0.6mW) was positioned 1 cm in front of the contralateral eye and 100 ms pulses were delivered at 2 Hz for 30 s. For whisker stimulation, stainless steel stimulating electrodes (A-M Systems) were placed subcutaneously anterior to the C1 and E1 whiskers of the contralateral whisker pad and 2 ms bipolar pulses of 1 mA were delivered at 5 Hz for 30 s via a stimulus isolator (A365; WPI). Visual and whisker stimulation blocks were alternated each minute, controlled by a Master8 stimulator (A.M.P.I.; see Fig. 4 ).
Intact skull preparation
Optical imaging. Mice (n ϭ 8) were held in place with a combination of a supportive platform and the bite-bar/anesthetic nose cone apparatus used in the stereotaxic frame (923-B; David Kopf Instruments) Neither ear bars nor zygoma bars were used to avoid the possibility of exerting pressure on the skull or underlying brain. The scalp was carefully dissected, 1% lidocaine was applied to all incisions, and silicone oil was used to keep the skull translucent. No other surgical interventions were made. After establishment of stable baseline anesthesia and imaging characteristics, AD was induced as above.
MRI. An additional group of animals (n ϭ 13) was used for intact skull preparation MRI experiments. Animals were gently restrained in a custom MRI frame. Anesthetic parameters were identical to above. No ear bars or zygoma bars were used and no surgical interventions were made. Mice were monitored using an MR-compatible physiological monitoring system (SA Instruments).
Imaging experiments were performed on a 7T Biospec MRI scanner (Bruker) interfaced with a 12 cm actively shielded gradient insert capable of producing a magnetic field gradient up to 600 mT/m. Mice were placed in a 72 mm volume coil for signal transmission and a quadrature surface coil was placed on the head for signal reception. After T2 anatomical scans, diffusion-weighted imaging scans were acquired using a single-shot echoplanar-imaging pulse sequence (TR 2000 ms, TE 31 ms, 8 coronal 1-mm-thick slices covering cerebrum from olfactory bulb to cerebellum; field of view 2 ϫ 2 cm; in-plane resolution 156 ϫ 156 m). Diffusion encoding was applied in the slice direction (perpendicular to the coronal section) with diffusion sensitivities (b-values) of 200, 500, 700, and 1000 s/mm 2 in addition to the reference (b ϭ 0) image. The entire acquisition was repeated 120 times with a temporal resolution of 10 s per full brain volume. After AD scanning, the T2 anatomical scan was repeated. Postprocessing was performed in MATLAB. Linear leastsquare fitting of the diffusion-induced signal attenuation was performed to estimate the apparent diffusion coefficient (ADC) on a pixel-by-pixel basis. ADC maps were uniformly thresholded at 1 ⁄4 of the ADC range to identify foci of AD and generate propagation contours; thresholded maps were registered to pre-and post-AD anatomical scans and compared with the Allen Mouse Reference Atlas (http://mouse.brain-map. org/static/atlas) for localization.
Clinical study
Patients (n ϭ 136) with acute TBI were enrolled prospectively at five academic neurosurgical centers (University of Cincinnati, Virginia Commonwealth University, University of Pittsburgh, King's College London, and University of Miami). Research was approved by the institutional review boards and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from legally authorized representatives before the start of study procedures. Inclusion criteria were the clinical decision for neurosurgical treatment (lesion evacuation and/or decompression), surgery Ͻ7 d after trauma, and age Ն18 years. Patients with fixed, dilated pupils were excluded.
Methods for electrocorticographic (ECoG) monitoring of SDs have been described previously in detail (Hartings et al., 2011b (Hartings et al., , 2014 . Briefly, recordings were obtained from a six-contact subdural electrode strip (10 mm spacing between contacts; Wyler, Ad-Tech Medical) placed at the end of neurosurgical procedures. As much as possible, the strip was placed along a single gyrus and targeted to viable cortex near the injury focus given the constraints of the craniotomy location and considerations for exteriorization of the electrode lead. The location of strip was reported by the neurosurgeon postoperatively as inferior frontal, middle frontal, superior frontal, precentral, postcentral, inferior parietal, superior temporal, middle temporal, inferior temporal, or occipital. Continuous ECoG was then performed after transfer to the intensive care unit for a maximum of 7 d, after which the electrode strip was removed at the bedside. Recordings were scored for SD activity offline.
Statistical analysis
Descriptive and inferential statistical analysis was performed in MATLAB and Statistica 6.0 (Dell Statsoft). Unless otherwise noted, populations are summarized as mean Ϯ SEM.
Results
SDs begin predominantly in sensory cortex
We used a wide craniotomy to expose a broad region of mouse cortex to small steps of increasing [K ϩ ] to achieve the minimum necessary conditions for CSD induction (Petzold et al., 2008; Tang et al., 2014) and to determine (with intrinsic signal imaging) the location of maximum susceptibility (Fig. 1) . The majority of thresholded CSDs (11/15) began in whisker barrel cortex, a primary sensory cortex in mouse (Fig. 2, Table 1 ) The other locations were the medial border of neck/trunk area (n ϭ 3) and retrosplenial cortex (n ϭ 1). ADs induced subsequently in the same animals also started from barrel cortex: 14/15 ADs began in barrel cortex (the remaining AD was on the caudolateral border of forelimb area).
To verify that our craniotomy preparation was not biasing the location of CSD induction, we performed a significantly more lateral craniotomy in which barrel cortex was distant from the craniotomy margins. Despite the different conditions, CSDs still started predominantly in barrel cortex (4/5 inductions from within barrel cortex boundaries and 1 on the border of barrel/ forelimb cortex). Four of 5 AD origins were in barrel cortex (the fifth was just inside forelimb cortex; Fig. 2 ).
To control completely for potentially biasing effects of craniotomy surgery, we performed AD experiments in an intact skull preparation (under these conditions, CSD induction was not possible). Six of 8 ADs began from barrel cortex; the other two were in close proximity (on the border between the barrel and the forepaw somatosensory cortex; Fig. 2) .
Finally, we used ADC MRI (de Crespigny et al., 1998; Eikermann-Haerter et al., 2011) to take a whole-brain approach to the origins of ADs (Fig. 3) . Three separate regions, barrel cortex, ventral thalamus/hypothalamus, and midbrain, showed foci of ADC decrease that began simultaneously (at least within the temporal resolution of our scans) but separately. Given the clear spatial separation of these foci, there was no plausible subcortical source of the AD-associated changes that we observed in barrel cortex.
It is possible that our use of isoflurane anesthesia (n ϭ 5) biased our results, for example, via differential susceptibility to this drug in different cortical regions. To control for this possibility, we used three distinct anesthesia protocols in the MRI preparation in addition to isoflurane: ketamine/xylazine (n ϭ 3), ketamine/isoflurane (n ϭ 1; to control for possible xylazine effect), and urethane (n ϭ 4). We saw no difference in the pattern or spread of AD foci (Fig. 3) . We concluded that our results were not artifactual to the anesthesia used.
Sensory stimulation affects timing but not location of SDs
To determine whether SD susceptibility could be affected by sensory stimulation, we alternated visual and somatosensory (whisker) stimulation during CSD thresholding (12 animals; 7 with medial craniotomy; 5 with lateral craniotomy). Neither threshold nor location of CSD origins was affected by sensory stimulation (Table 1) . The majority of CSDs in both the medial (4/7) and lateral (4/5) preparations began in barrel cortex regardless of the sensory modality stimulated; other locations for induction were as follows: visual (2/7), posterior parietal association (1/7), and forelimb somatosensory (1/5) cortical areas (Fig. 4) . However, sensory stimulation significantly affected the timing of CSD induction: the majority of CSDs (11/12) began during blocks of sensory stimulation (p Ͻ 0.03, Monte Carlo simulation, 100,000 iterations, assuming equal probability of CSD occurring in visual stimulation, whisker stimulation, or rest blocks). Interestingly, there was no consistent relation between the modality of the stimulation (visual or somatosensory) and the origin of CSD; CSD was more likely in barrel cortex whether whisker or visual stimulation was presented (Fig. 4) .
Altered extracellular potassium dynamics near SD focus
We recorded extracellular potassium ([K ϩ ] e ) with the rationale that it might provide mechanistic insight into why different cortices had different susceptibility to CSD (six animals without, two with sensory stimulation). Due to space constraints particular to each experiment, the location of the electrode in the cortex varied substantially relative to barrel cortex where CSD usually began. This distribution of locations allowed us to compare [K ϩ ] e characteristics in areas close to and farther from the site of CSD induction.
Pre-CSD increases in [K ϩ ] e induced by K ϩ superfusion were significantly larger for electrodes closer to CSD onset location (Pearson's r: Ϫ0.71, [K ϩ ] e amplitude by distance, n ϭ 8, p Ͻ 0.05; separately confirmed with Monte Carlo simulation; Fig. 5 rise time during the CSD wave was also significantly shorter closer to the mean onset location (Pearson's r ϭ 0.85, rise time by distance, n ϭ 7, p Ͻ 0.05). We interpreted these data as being consistent with a relative failure of potassium reuptake in barrel cortex due either to greater release or relatively deficient reuptake.
Higher incidence of SDs in human sensory cortex
To investigate whether different regions of human cerebral cortex have greater susceptibility to SDs, we analyzed data from a multicenter clinical study of TBI. In 136 patients, the occurrence of SDs was monitored by ECoG in the intensive care unit after neurosurgical treatment.
Placement of electrode strips near the site of primary injury under constraints of the craniotomy location resulted in recordings from diverse regions of cortex. The incidence of SDs, scored as present or absent regardless of the number of events, varied by the location of the electrode strip as follows in decending order (Fig. 6) : occipital (1/1, 100%), parietal (8/11, 72.7%), superior temporal (15/22, 68.2%), precentral (6/10, 60.0%), middle frontal (19/32, 59.4%), inferior frontal (29/49, 59.2%), superior frontal (3/6, 50%), and middle temporal (1/5, 20%). Regions with the highest incidence were all primary sensory areas. Grouping patients with recordings from these regions together, we found with 84% probability that SD is more likely to be present in sensory cortex (24/34 or 70.5% incidence) than in other areas (58/102, or 56.9% incidence; 2 , p ϭ 0.16). Although the null hypothesis of equal SD incidence between sensory and nonsensory cortex cannot be rejected, the statistical test is underpowered at only 28% for this effect size, making it 72% likely that the result is a false negative (type II error).
To test whether sensory cortex was more severely injured and thus biased our results, we computed the probability of poor outcome for each patient based on seven variables at hospital admission using a validated outcome prediction model (Hartings et al., 2011b) We concluded that the predilection of SD for sensory cortex in humans was not a result of experimental bias.
Discussion
Our principal finding is that SDs begin preferentially in primary sensory cortex in rodents and most likely in humans. This susceptibility can explain the predominantly sensory nature of the migraine aura and highlights the potential vulnerability of sensory cortex to injury-associated depolarizations. The susceptibility may be mediated by slower clearance of extracellular potassium in these densely populated and metabolically active regions.
Sensory cortex is preferentially susceptible to SDs
In his pioneering work, Leao (1944) found that it was difficult to elicit CSD in retrosplenial cortex. In the case of ischemic and anoxic depolarizations, both global anoxia (Farkas et al., 2010) and forebrain ischemia (Bere et al., 2014) experiments have suggested a possible origin in the frontolateral parietal cortex or anterior striatum; however, the experiments were not designed to determine the location and the origin was outside of the imaging field of view. Overall, there have been no attempts to determine systematically the susceptibility of different cortices to SD.
We used a variety of nonoverlapping techniques to address this problem. We began with wide-field craniotomy preparations in mouse that allowed us to expose the cortex to the minimum conditions expected to generate CSD (Petzold et al., 2008; Tang et al., 2014) and thus maximize our chances of detecting differences in susceptibility. We found that both CSD and subsequent AD began predominantly in the barrel region of parietal cortex in two different craniotomies designed to control for any surgical biasing of results.
To eliminate any possible effect of surgical preparation on SD susceptibility, we took two more approaches. First, we used intact skull optical imaging to test AD susceptibility. This preparation had the advantage of exposing the whole hemisphere, including the olfactory bulb, which was not imaged before. Once again, the first focus of AD was in barrel cortex. Next, we used MRI to examine the whole brain exposed to AD and control for the pos- sibility that subcortical sources were the generator of our cortical findings. Here, we confirmed again the barrel cortex origin of AD. Although we found subcortical AD foci (in ventral thalamus/ hypothalamus and midbrain), these foci were too distant to have served as a point of spread to barrel cortex. We also controlled for possible confounding effects of anesthesia, showing the same pattern of AD foci with GABA agonist (isoflurane), NMDA antagonist (ketamine), and mixed mechanism (urethane) anesthetics. Finally, we examined recordings from 136 brain-injured patients with CT-delineated lesion anatomy and subdural strip electrode location. In an extremely variable clinical population, we found a robust trend toward higher incidence of SDs in the sensory cortex than in other regions. There were no differences between these groups in the most validated measures of TBI lesion severity and prognosis, suggesting that higher SD incidence is attributable to a higher innate susceptibility of sensory cortex, as demonstrated in rodent experiments.
Sensory stimulation affects CSD timing but not location
In mouse experiments, the susceptibility of barrel cortex to CSD was consistent and its location did not vary depending on peripheral sensory stimulation. However, there was a facilitating effect of sensory stimulation on the timing of CSD induction: CSD was significantly more likely during stimulation blocks of either visual or barrel somatosensory stimulation.
We suspect that global arousal mechanisms contributed to this nonspecific sensory facilitation of CSD ignition. Sensory stimuli can cause relative arousal even under anesthesia and both cholinergic and noradrenergic arousal mechanisms persistently depolarize cortical sensory neurons (Constantinople and Bruno, Figure 3 . AD in mouse begins separately in barrel cortex, thalamus/hypothalamus, and midbrain. Panels show ADC maps (units mm 2 /s) before and during anoxia. A, ADC time sequence from a section through midbrain Ϫ3 mm from anterior commissure (AC, precision Ϯ500 m due to MRI slice thickness), showing large AD focus. B, Time sequence of ADC maps from a section Ϫ1100 m from anterior commissure. Discrete foci of ADC decrease are seen at 100 s after anoxia in barrel cortex and ventral thalamus/hypothalamus (white arrows); cortical changes are clearly seen to spread. C, Contours of B overlaid on an anatomical scan. For clarity, noncontiguous contours of Ͻ25 px 2 (1.6 mm 2 ) were not drawn). Lower images show a linear region of interest along cortex and the resulting trace of that line over time (kymograph). AD onset occurs at both barrel fields (horizontal dotted line) and AD propagates along the surface of the cortex. Speed of spread can be determined by the slope of darkening on the kymograph. D, AD susceptibility is not artifactual to anesthetic. Sections through barrel cortex from animals with isoflurane (n ϭ 5, 2 shown in D, 1 shown in A), ketamine/isoflurane (n ϭ 1, data not shown), ketamine/xylazine (n ϭ 3; 2 shown), and urethane (n ϭ 4; 2 shown) anesthesia all show identical AD patterns. Open arrows denote anoxia; closed arrows denote AD onset.
cile the susceptibility of parietal cortex with the known visual predominance of migraine aura (Russell and Olesen, 1996; Kelman, 2004) . Our use of a lissencephalic (mouse) SD model and only one visual cortex recording in our human subjects limits our ability to be definitive. However, we suspect that our results are actually consistent with the visual predominance of migraine aura. Unlike primates, rodents do not have column-like anatomical specializations in visual cortex (Kaas, 2012) . If SD susceptibility indeed is associated with cortical complexity rather than pure neuronal density (highest in visual cortex in both rodent and primate (Collins et al., 2010; Herculano-Houzel et al., 2013) , then one would not expect primary SD foci in rodent visual cortex. Conversely, given the ethological relevance, neuronal density, and structural complexity of both visual and somatosensory cortex in the primate, one would expect these regions to be the primary sites of SD ignition in human. Definitive resolution of this issue will have to await susceptibility recordings in humans or other primates.
Our data also have clear and direct implications for the care of patients with SDs due to stroke, subarachnoid hemorrhage, or TBI. The strong agreement between our animal and human data clearly identifies primary sensory cortices, especially the parietal cortex, as regions at risk for SDs. Our finding that sensory input increased the likelihood of SD in this region agrees nicely with recent work identifying sensory-induced SD in animals and humans with stroke (von Bornstädt et al., 2015) . Together, these converging datasets argue for reduced stimulation environments in SD-vulnerable patients. Higher incidence of SDs in human sensory cortex. Schematic diagram of the human brain shows the principal regions in which single electrode strips, as shown on the postcentral gyrus, were placed for CSD monitoring after surgical treatment of TBI (n ϭ 136 patients). A higher percentage of patients exhibited CSDs when recordings were made from the parietal lobe or superior temporal sulcus. A relatively uniform likelihood of CSDs was observed throughout the frontal lobe. Only one patient was monitored occipitally, so SD incidence (100%) is not shown for this region. Traumatic contusions requiring surgery typically occur at the anterior and inferior aspects of the frontal and temporal lobes, where the brain is compressed against the anterior and middle fossae. Subarachnoid hemorrhage and subdural hematomas most commonly occur over the cerebral convexity.
